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In this paper, turbulent forced convection of nanofluids flow in triangular-corrugated
channels is numerically investigated over Reynolds number ranges of 1000–5000. Four
different types of nanofluids which are Al2O3, CuO, SiO2 and ZnO–water with nano-
particles diameters in the range of 30–70 nm and the range of nanoparticles volume
fraction from 0% to 4% have been considered. The governing equations of mass, mo-
mentum and energy are solved using finite volume method (FVM). The low Reynolds
number k–ε model of Launder and Sharma is adopted as well. It is found that the average
Nusselt number, pressure drop, heat transfer enhancement, thermal–hydraulic perfor-
mance increase with increasing in the volume fraction of nanoparticles and with de-
creasing in the diameter of nanoparticles. Furthermore, the SiO2–water nanofluid provides
the highest thermal–hydraulic performance among other types of nanofluids followed by
Al2O3, ZnO and CuO–water nanofluids. Moreover, the pure water has the lowest heat
transfer enhancement as well as thermal–hydraulic performance.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
In recent years, heat transfer augmentation in heat exchangers is become very important in order to cater the industry
requirements for these devices. The corrugated surfaces have been utilized, as the passive heat transfer enhancement
technique, to improve the performance of heat exchangers in many engineering applications [1–6]. For further augmen-
tation in the thermal performance of heat exchangers, the nanofluids with different types can be used as coolant in these
devices instead of conventional fluids. Several numerical and experimental investigations on the convective heat transfer of
nanofluids flow in channels are available in the literature. For example, Bianco et al. [7] numerically investigated of the
turbulent forced convection of Al2O3–water nanofluid flow in a circular tube over Reynolds number range of 104–105 and
with particles volume
fraction of 1%, 4% and 6%. It was found that heat transfer enhancement increase with increasing in Reynolds number as well
as the volume fraction of nanoparticles. Bayat and Nikseresht [8] numerically studied on the convective turbulent flow and
heat transfer characteristics in circular tube using Al2O3 in water and ethylene glycol. The results showed that the average
Nusselt number increased with increasing in the nanoparticles volume faction but the pressure drop penalty increased as well.er Ltd. This is an open access article under the CC BY license
nical Engineering, College of Engineering, University of Anbar Ramadi, Anbar, Iraq.
med.ahmed@uoanbar.edu.iq (M.A. Ahmed).
Nomenclanture
a amplitude of corrugated channel, mm
C , C , C1 2 μ empirical constant for turbulence model
Cp specific heat, J/Kg K
Dh hydraulic diameter, mm (Dh¼HmaxþHmin)
h heat transfer coefficients, (W/m2 °C)
H Height of channel, mm
Lc Length of corrugated channel, mm
Lw wavelength of corrugated channel, mm
f friction factor
f f f, ,1 2 μ damping function
k turbulent kinetic energy, m/s2
K thermal conductivity, W/m °C
Nu Nusselt number
p pressure, pa
qw heat flux, W/m
2
Prt Turbulent Prandtl number
Re Reynolds number
T temperature, °C
u , v velocities components, m/s
x, y 2D Cartesian coordinates, mm
Greek symbols
,kσ σε empirical constant for turbulence model
ϕ volume fraction of nanoparticles, %
ε dissipation rate of turbulent kinetic energy, m2/s3
μ dynamic viscosity, Ns/m2
tμ turbulent dynamic viscosity, N s/m
2
ρ density, kg/m3
pΔ pressure drop, pa
Γ Diffusion coefficient
Subscripts
av average
b bulk fluid
eff effective
f base fluid
in inlet
max maximum
min minimum
nf nanofluid
P particles
o outlet
w wall
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225 213Abbasian and Amani [9] conducted experimental study on convective heat transfer of TiO2–water nanofluid flow in tube. The
experiments were carried out for Reynolds number range of 8000–55,000, particle volume fraction range of 0–2% and the
average diameter of nanoparticles of 10, 20, 30 and 50 nm. It was found that Nusselt number increased with Reynolds number
and particle volume fraction. The nanofluid with particle size of 20 nm provide the highest thermal performance among the
other particle sizes. Khoshvaght-Aliabadi [10] experimentally studied on the copper–water nanofluid flow and heat transfer
characteristics in the plate-fin channels with the different shapes. It was observed that heat transfer coefficient and the
pressure drop increase with increasing in volumetric flow rate and the volume fraction of nanoparticles. Heidary and Kermani
[11] numerically investigated on the laminar forced convection of copper–water nanofluid in a wavy channel. It was observed
that the enhancement in heat transfer increases with increasing in the amplitude of channel and the volume fraction of
nanoparticles. Pandey and Nema [12] experimentally conducted on the convective heat transfer and flow characteristics in
wavy-plate heat exchanger using Al2O3–water nanofluid. It was found that the enhancement in heat transfer increases with
increasing in Reynolds number and Peclet number. In addition, the pumping power increases with increasing in volume
fraction of nanoparticles. Tiwari et al. [13] experimentally investigated the flow and heat transfer characteristics of CeO2–water
nanofluid flow in a chevron-type plate heat exchanger over flow rates of 1–4 L/min. It was found that the heat transfer
coefficient increased with increasing in flow rate of nanofluid and nanoparticles concentration. Ahmed et al. [14] investigatedLw
HmaxHmin
2a
Lw/2
Fig. 1. Physical domain of the present study.
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observed that the average Nusselt number increases with Reynolds number and the volume fraction of nanoparticles.
In this paper, the turbulent forced convective flow in triangular-corrugated channel is numerically studied over Reynolds
number range of 1000–5000. Four different types of nanofluids, which are Al2O3, CuO, SiO2 and ZnO–water, nanoparticles
diameters of 30, 50 and 70 nm and nanoparticles volume fraction range of 0–4% have been presented.2. Mathematical model
2.1. Problem definition
Fig.1 depicts the basic geometry of channel used in the present study. It consists of two corrugated walls with minimum
and maximum spacing between these walls are H 8 mmmin = and H 12 mmmax = , respectively. The amplitude and the wa-
velength of the corrugated channel are a 2 mm= and L 20 mmw = . The total length of the corrugated channel is 200 mm, i.e.
L10 w× . A uniform heat flux conditions with 8000 W/m2 is applied to the upper and lower walls of corrugated channel. Two
adiabatic straight sections with lengths of 800 mm and 200 mm are located one upstream the corrugated channel and the
other one downstream the channel, respectively. It is assumed that the flow is fully developed, incompressible, steady and
two-dimensional. Furthermore, the mixture of the base fluid and the nanoparticles can be assumed as Newtonian fluid and
this mixture in thermal equilibrium. Moreover, both the base fluid and the solid particles have the same velocity.
2.2. Governing equations and boundary conditions
The two-dimensional governing equations in terms of Cartesian coordinates can be defined as [15]:
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The Launder-Sharma k–ε model is used in this study to compute the turbulent dynamic viscosity tμ . Therefore, the
turbulent viscosity can be expressed as [16]:
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Turbulent kinetic energy (k) equation [16]:
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Where wε is the dissipation rate at the wall and it can be defined as:
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The production rate of the turbulent kinetic energy (pk) in the above equations can be defined as:
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In above equations, the empirical constants and the turbulent Prandtl number are given as [16]:
C C C0.09, 1.44, 1.92, 1.0, 1.3, Pr 0.9Pr 0.9 11k t t1 2 σ σ= = = = = = = ( )μ ε
The wall-damping functions as well as the turbulent Reynolds number are expressed as [17]:
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To solve the above governing equations, the corresponding boundary conditions can be presented as follows [5]:
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After solving the discretised governing equations, the flow and temperature fields are obtained which are then used to
calculate the local and the average Nusselt numbers. Therefore the local Nussel number can be obtained as follows [18]:
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Where Tw is the temperature distribution along the wall of channel and Tb is the bulk fluid temperature which can be
calculated as follows [18]:
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The average Nusselt number can be obtained by integrating the local Nusselt number over the walls of channel as
follows:
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The local skin-friction coefficient at the wall of corrugated channel can be evaluated as follows [3]:
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The thermal-hydraulic performance factor is given by [19]:
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2.3. Thermophysical properties of nanofluids
The thermophysical properties of different types of nanofluids examined in this studied are given as follows:
i. Density
The density of the nanofluid is given as [20]:
1 27nf f pρ ϕ ρ ϕ ρ= ( − ) + ( )
ii. Heat capacity
The heat capacity of the nanofluid is expressed as [21]:
C C C1 28P nf P f P pρ ϕ ρ ϕ ρ( ) = ( − )( ) + ( ) ( )
iii. Dynamic viscosity
The effective dynamic viscosity of the nanofluid is given as [22]:
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Where df is the equivalent diameter of a base fluid molecule, and it is defined as:
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Where ρf is the density of the base fluid and it is calculated at temperature of 293 K.
iv. Thermal conductivity
The effective thermal conductivity of the nanofluid is given as [23]:
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Correlations of β for different nanoparticles [23].
Type of particles β Concentration (%) Temperature (K)
Al2O3 8.4407 100 1.07304ϕ( )− 1rϕr10 298rTr 363
ZnO 8.4407 100 1.07304ϕ( )− 1rϕr 7 298rTr 363
CuO 9.881 100 0.9446ϕ( )− 1rϕr 6 298rTr 363
SiO2 1.9526 100 1.4594ϕ( )− 1rϕr 10 298rTr 363
Table 2
Thermophysical properties of nanoparticles with different nanoparticles [24].
Thermo physical Al2O3 CuO SiO2 ZnO Water
ρ (kg/m3) 3600 6500 2220 5600 996.5
Cp (J/kg k) 765 533 745 495.2 4181
K (W/m k) 36 17.65 1.4 13 0.613
m (kg/m s) – – – – 0.001
Non-dimensional wave amplitude (a/ Lw)
A
ve
ra
ge
N
us
se
lt
nu
m
be
r
0 0.025 0.05 0.075 0.1
20
30
40
50
60
70
80
90
present study
Choi and Suzuki [3]
Non-dimensional axial distance (x/ Lw)
Lo
ca
ls
ki
n
fri
ct
io
n
co
ef
fic
ie
nt
4.8 4.9 5 5.1 5.2 5.3 5.4 5.5 5.6 5.7
-0.02
0
0.02
0.04
0.06
0.08
present study, a/ Lw= 0.01
present study, a/ Lw= 0.1
Choi and Suzuki [3], a/ Lw= 0.01
Choi and Suzuki [3], a/ Lw = 0.1
Fig. 2. Comparison the results of the present study with previous numerical study of Choi and Suzuki [3] for (a) average Nusselt number, (b) local skin
friction coefficients.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225 217
x(m)
Lo
ca
lN
us
se
ltn
um
be
r
0.6 0.62 0.64 0.66 0.68 0.7
10
20
30
40
50
60
70
80
90
100
597X51
697X71
797X91
995X101
1193X111
x(m)
Lo
ca
ls
ki
nf
ric
tio
nc
oe
ffi
ci
en
t
0.6 0.625 0.65 0.675 0.7
-0.05
0
0.05
0.1
0.15
0.2
0.25
0.3 597X51
697X71
797X91
995X101
1193X111
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The values of β for different types of nanoparticles are presented in Table 1. The properties of nanoparticles with different
types are given in Table 2.3. Procedures of numerical solution
In this study, the discretization of governing equations has been performed using finite volume approach. The upwind
and central differencing schemes have been adopted to discretise the convection and diffusion, respectively, terms in the
governing equations. The SIMPLE algorithm is employed to compute the pressure field [25]. All the dependent variables are
-0.0541896
0.478031
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298.111
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Fig. 4. Streamwise velocity (top) and isotherms (bottom) contours for different volume fraction of SiO2 at Re¼5000 and dp¼30 nm.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225 219stored at the same nodes of the control volume using collocated grid arrangement [26]. The computational mesh has been
developed using Poisson equations. The under-relaxation for all dependent variables is applied to achieve a better con-
vergence behavior; therefore, the convergence criterion for each dependent variable is 1105.4. Code validation and grid independence test
To validate the CFD code developed in the present study, the average Nusselt number for the turbulent convective heat
transfer in channel with one sinusoidal-wall has been computed at Re¼6760 and Pr¼0.7 and then compared with the
numerical study of Choi and Suzuki [3]. In addition, the local skin friction coefficient was evaluated as well. It is found that
the present results agree with the results of Choi and Suzuki [3], as shown in Fig. 2. In order to determine the required grid
size of the present study, the local Nusselt number as well as the local skin friction coefficient distribution along the lower
wall of channel for SiO2–water nanofluid at Re¼2000, 4%ϕ = and dp¼30 nm have been calculated for the five different grid
sizes as shown in Fig. 3. It is observed that the grid size of 995101 can give the grid-independent solution.5. Results and discussion
The effect of nanoparticles volume fraction, nanoparticles diameter as well as nanofluid type on the flow and thermal
characteristics in the triangular-corrugated channel have been presented and discussed in this section.
5.1. The effect of nanoparticles volume fraction
The streamwise velocity and isotherms contours for different volume fraction of SiO2 at Re¼5000 dp¼30 nm are shown in
Fig. 4. It can be clearly seen from velocity contour at 0%ϕ = that the re-circulation regions grow in wall trough of the
corrugated channel, as expected. As the volume fraction of nanoparticles increases, the size of re-circulation regions increases
as well. This is consisting with the numerical studies of Mokhtari Moghari et al. [27] and Abu-Nada [28]. This may be because
the number of suspended nanoparticles in their base fluid will increase with increasing the volume fraction of nanoparticles.
Therefore, the random movements of nanoparticles will increase and consequently increase the size of re-circulation regions.
Looking at temperature contours; it can be observed that the temperature gradient near the walls increases with increasing
the volume fraction due to the improve the thermal conductivity of the working fluid as well as improve the fluid mixing.
Beside, the random movements of nanoparticles lead to increase the rates of energy exchange in the fluid with increasing the
volume fraction and lead to increases the heat transfer rate between fluid and the walls of channel [29].
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Fig. 5. The effect of nanoparticles volume fraction of SiO2 on (a) average Nusselt number, (b) Nusselt number enhancement ratio, (c) pressure drop,
(d) thermal-hydraulic performance factor at dp¼30 nm.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225220Fig. 5(a) depicts the variation of the average Nusselt number versus Reynolds number with different volume fractions. As
expected, the average Nusselt number increases as Reynolds number increases, at a given volume fraction. Furthermore, it
can be observed that the average Nusselt number increases with increasing in the volume fraction of nanoparticles, at a
particular Reynolds number, due to improve thermal conductivity of base fluid as well as the Brownian motion of nano-
particles. The results are consistent with experimental results of Xuan and Li [30]. Fig. 5(b) shows the ratio of the average
Nusselt number of SiO2–water nanofluid with different volume fraction in triangular-corrugated channel to that of the pure
water flow in straight channel. It should be noted that at 0%ϕ = , the enhancement in heat transfer increases with in-
creasing the Reynolds except when Reynolds number range of 3000–4000, the enhancement ratio is slightly decreased. This
is to be expected since the mixing of the working fluid in corrugated channel becomes better with the higher Reynolds
number. In addition, it can be clearly seen that the enhancement ratio increases as the particle volume fraction increases
due to improve the thermal conductivity of the base fluid. It is found that when volume fraction increases from 0% to 4%, the
enhancement ratio for triangular channel increases from 5.53 to 6.53 at Re¼5000.
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Fig. 6. Streamwise velocity (top) and isotherms (bottom) contours for different diameters of SiO2 at Re¼5000 and dp¼30 nm.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225 221Fig. 5(c) displays the variation of pressure drop versus Reynolds number with different volume fractions of SiO2–water
nanofluid in triangular-corrugated channel. According to this figure, it is observed that the pressure drop considerably
increase with increasing Reynolds number at a given volume fraction of nanoparticles due to the high velocity gradient at
the walls of channels. It is also found that the pressure drop increases with volume fractions of nanoparticles due to increase
the viscosity of nanofluid. The result is consistent with experimental data of the current study. Khoshvaght-Aliabadi et al.
[10] previously reported the similar results. Fig. 5(d) demonstrates the variation of thermal-hydraulic performance factor
versus Reynolds number with different volume fractions of SiO2–water nanofluid. As expected, it can be seen that at
0 %ϕ = , the triangular-corrugated channel has the lowest performance over Reynolds number range due to low thermal
conductivity of the base fluid compared to the nanofluid. As the volume fraction increases, the thermal-hydraulic perfor-
mance factor will increases because the augmentation in heat transfer is the higher than the increasing in pressure drop.
Therefore, SiO2–water nanofluid with 4% volume fraction provides the best thermal-hydraulic performance. It is found that
the maximum values of the thermal hydraulic performance is 2.56 at Re¼5000.
5.2. The effect of nanoparticles diameter
The effect of nanoparticles diameter of SiO2 on the streamwise velocity as well as the isotherms contours at Re¼5000 and
4 %ϕ = is illustrated in Fig. 6. It can be observed from the velocity contours that the re-circulation regions that developed in
the wall trough become stronger with the use small nanoparticles due to the effect of Brownian motion. Abbasian and Amani
[9] previously reported that the movement velocity of the large particle is slower than that for the small particles. On the other
hand, it can be seen from the isotherms contours that the thermal boundary layer thickness reduces as the diameter of
nanoparticles decreases because the thermal conductivity of nanofluid increases with decrease in the size of nanoparticles. In
addition, the nanofluid with smaller nanoparticles can produce a further improvement in the fluid mixing due to the large size
of the re-circulation zones and hence improve the heat transfer augmentation between the fluid and the walls of channels.
Fig. 7(a) depicts the average Nusselt number versus Reynolds number for SiO2–water nanofluid with different nano-
particle diameters at 4%ϕ = . According to this figure, it is found that the average Nusselt number is higher for smaller size
of nanoparticles. Because the ratio of surface area of particles to their volume, number of particles interactions as well as the
Brownian motion of nanoparticles is higher for smaller nanoparticle size, and hence improve thermal conductivity of the
base fluid [31]. Fig. 7(b) shows the ratio of the average Nusselt number of SiO2–water nanofluid with different particles
diameters in triangular-corrugated channel to that for the pure water in straight channel. It is found that the smaller
particles provides the higher heat transfer enhancement ratio as a compared to the larger particles due to improve thermal
conductivity of nanofluid as well as the Brownian motion, as mentioned earlier, and consequently enhance the convective
heat transfer coefficient. Furthermore, the percentage of the heat transfer enhancement is approximately 3.8–4.5% by de-
creasing the diameters of the nanoparticles from 70 nm to 30 nm.
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Fig. 7. The effect of nanoparticles diameter of SiO2 on (a) average Nusselt number, (b) Nusselt number enhancement ratio, (c) pressure drop, (d) thermal-
hydraulic performance factor at dp¼30 nm.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225222The effect of particle diameter on the pressure drop for SiO2–water nanofluid at 4%ϕ = is illustrated in Fig. 7(c). It can be
observed that the pressure drop for nanofluid with small nanoparticle is higher than that for large particles since the former
has viscosity is higher than the later. The results are similar to those obtained by Parsazadeh et al. [32]. Furthermore, as
pointed out before, the size of re-circulation regions with smaller particles is larger than that for the larger particles. This
means that the intensity of secondary flow to the main flow will increases and causes additional increase in the pressure
drop penalty.The effect of particle diameter of SiO2–water nanofluid on thermal hydraulic performance factor at 4%ϕ = is
depicted in Fig. 7(d). It should be noted that the performance factor for different particles diameters over the entire range of
Reynolds number is higher than unity. This indicates that the augmentation in the heat transfer is higher than the increasing
in pressure drop. At a given particles diameter when Reynolds number of 30004Re44000, the performance factor in-
creases with increasing in Reynolds number, while the performance factor is gradually decreases when Reynolds number in
the range of 3000–4000. At a particular Reynolds number, it is observed that the thermal-hydraulic performance factor is
inversely proportional with the diameter of the nanoparticles. Thus, it may conclude that the use SiO2–water nanofluid with
30 nm particles diameters can be achieved the best thermal-hydraulic performance over the entire range of Reynolds.
Fig. 8. Streamwise velocity (top) and isotherms (bottom) contours for different types of nanofluids at Re¼5000 and dp¼30 nm.
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To study the effect of nanofluid types, four different types of nanofluids which are SiO2, Al2O3, ZnO and CuO–water with
4%ϕ = and dp¼30 nm have been presented. As expected, it can be seen from the velocity contours that the re-circulation
regions are generated in the walls troughs of the corrugated channel once the working fluid enters these channels, Fig. 8.
Furthermore, the velocity contours indicate that the stronger re-circulation regions in the case of SiO2–water nanofluid and
followed by Al2O3, ZnO, CuO–water nanofluid and then the pure water. This because SiO2–water nanofluid has the lowest density
among other nanofluids and since the fluid velocity is inversely proportional with density of the fluid u DRe /in nf nf hμ ρ( = ) at the
same Reynolds number, therefore, SiO2–water nanofluid has the highest velocity as a compared to the other nanofluids. The
isotherms contours show that the thermal boundary layer thickness in the case of SiO2–water nanofluid is less than that for the
other nanofluids due to the highest Prandtl number of the SiO2–water nanofluid. Beside, the stronger re-circulation regions that
developed with the use SiO2–water nanofluid lead to the better improvement in the fluid mixing. Therefore, it is expected that
the heat transfer augmentation for the SiO2–water nanofluid will be the highest compared with the other types of nanofluids.
The variation of the average number with Reynolds number for different types of nanofluid is illustrated in Fig.9(a). It is
found that the average Nusselt number for all types of nanofluid are considerably increased with increasing Reynolds number.
It is also can be observed that the SiO2–water nanofluid provides the highest Nusselt number among other types of nanofluids
followed by Al2O3, ZnO, CuO–water nanofluids and pure water. Parsazadeh et al. [32] previously reported a similar result. This
may be because the disturbance that is introduced due to the intensity effect of re-circulation regions is the higher for SiO2–
water nanofluid due to the highest velocity of the fluid, as pointed out before. Therefore, the temperature gradient on the walls
of the channel increases, as a result, increases the heat transfer rate between the fluid and wall of channel. In addition, the
SiO2–water nanofluid has the highest Prandtl number among other nanofluid types. This could be another reason why the
SiO2–water nanofluid has the highest Nusselt number. The pure water has lowest average Nusselt number due to poor thermal
conductivity of this fluid. The ratio of the average Nusselt number for the different types of nanofluids in corrugated channels
to that of the base fluid in straight channel is presented in Fig.9(b). It is found the enhancement ratio for all types of the fluids
is sharply increased with Reynolds number up to Re¼3000 and above that begins to gradually decrease. As Reynolds number
increases beyond 4000, the enhancement ratio, again, is slightly increased. At a given Reynolds number, the heat transfer
enhancement for any types of nanofluid is higher than that for the pure water. Also, the SiO2–water nanofluid displays the
highest enhancement ratio among other types of nanofluids followed by Al2O3, ZnO and CuO–water nanofluids due to the
same reason mentioned earlier. However, there is around 7.4–8.6% heat transfer enhancement with the using SiO2 nano-
particles instead of CuO at the same volume fraction and the same base fluid (pure water).
The pressure drop versus Reynolds number with different types of nanofluids is presented in Fig.9(c). It may be noted that the
Reynolds number
A
ve
ra
ge
N
us
se
lt
nu
m
be
r
1000 2000 3000 4000 5000
20
40
60
80
100
120
140
160
SiO -water
AL O -water
ZnO-water
CuO-water
water
Reynolds number
N
us
se
lt
nu
m
be
re
nh
an
ce
m
en
tr
at
io
1000 2000 3000 4000 5000
2
3
4
5
6
7
SiO -water
AL O -water
ZnO-water
CuO-water
water
Reynolds number
P
re
ss
ur
e
dr
op
(P
a)
1000 2000 3000 4000 5000
0
75
150
225
300
375
450
525
SiO -water
AL O -water
ZnO-water
CuO-water
water
Reynolds number
Th
er
m
al
-h
yd
ra
ul
ic
pe
rfo
rm
an
ce
fa
ct
or
1000 2000 3000 4000 5000
1.2
1.5
1.8
2.1
2.4
2.7
3
SiO -water
AL O -water
ZnO-water
CuO-water
water
Fig. 9. The effect of nanofluid types on (a) average Nusselt number, (b) Nusselt number enhancement ratio, (c) pressure drop, (d) thermal-hydraulic
performance factor at dp¼30 nm.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225224pressure drop for any type of nanofluid is higher than the pure water due to the high viscosity and density of nanofluid in comparison
to the pure water. In addition, the SiO2–water nanofluid gives the highest pressure drop among the different types of nanofluids due
to the highest fluid velocity, at the given Reynolds number. Therefore, the velocity gradient at the walls of channel increases, so the
wall shear stress will increase and hence increase the pressure drop penalty. Fig.9(d) depicts the effect of different types of nanofluids
on thermal-hydraulic performance factor. It can observed that the pure water displays the lowest performance factor compared with
nanofluids. Furthermore, although SiO2–water nanofluid produces the highest value of the pressure drop, but the enhancement in
heat transfer is the higher. Therefore, SiO2–water nanofluid has the highest thermal-hydraulic performance among the other types of
nanofluids. It is found that the maximum values of thermal-hydraulic performance factor is 2.56 at Re¼5000.6. Conclusion
In this paper, the flow and thermal characteristics of turbulent forced convection flow in triangular-corrugated channel using
nanofluids have been numerically investigated over Reynolds number rage of 1000–5000. Four different types of nanofluids which
M.A. Ahmed et al. / Case Studies in Thermal Engineering 6 (2015) 212–225 225are Al2O3, CuO, SiO2 and ZnO–water with nanoparticles diameters in the range of 30–70 nm and the range of nanoparticles volume
fraction from 0 to 4% have been presented. The governing equations were solved using finite volume approach with SIMPLE
technique. It is found that the average Nusselt number, pressure drop, heat transfer enhancement, thermal-hydraulic performance
increase with increasing in the volume fraction of nanoparticles and with decreasing in the diameter of nanoparticles. Furthermore,
the SiO2–water nanofluid provides the highest thermal-hydraulic performance among other types of nanofluids followed by Al2O3,
ZnO and CuO–water nanofluids. Moreover, the pure water has the lowest heat transfer enhancement as well as thermal-hydraulic
performance Thus, it may conclude that the use SiO2–water nanofluid with 30 nm particles diameters and 4% volume fraction can
be achieved the best thermal-hydraulic performance over the entire range of Reynolds.Acknowledgements
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